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In this work, we have calculated the emission wavelength dependence on the viewing angle for different combinations
of metallic mirrors. The dispersion of the optical functions of ten different metals is fully taken into account using Lorentz
oscillator model. The metals have been assigned to a function oftop (cathode) or bottom (anode) mirror based on their work
function. Refractive index dispersion of organic layers, N,N'-disphenyl-N,N'-bis(3-methylphenyl)-l,1'-disphenyl-4,4'-
diamine (TPD) and tris (8-hydroxyquinoline) aluminum (emitting layer) is taken into account via Cauchy model. The
change of the emission wavelength with angle has been calculated iteratively to fully take into account wavelength
dependence of indices of refraction and phase change. Calculations have been performed for different hole transport
materials and different thickness of the emitting layer.
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1. INTRODUCTION
Organic light emitting diodes are very promising for application in high brightness, large viewing angle flat panel
displays. What makes them very attractive is low cost fabrication, possible use of flexible substrates, and ease of fabrication
over large area. Lots ofprogress has been done recently on improving the efficiency and stability of these devices. Further
improvements are needed to improve colour purity (emission spectrum of organic compounds is typically very broad),
efficiency, and lifetime. Microcavity organic light emitting diodes have been used in order to improve extraction efficiency
and colour purity of organic light emitting However, due to broad emission from organic material, organic
microcavity devices exhibit one undesirable property, blue shift of the emission wavelength with the increasing viewing
angle. Experimentally determined emission wavelength shift in tris (8-hydroxyquinoline) aluminum (A1q3) is quite large.
Emission wavelength shifts with viewing angle in A1q3 based MOLEDs as large as from 580 nm to 53O nm at 500, from
560nm to 53O nm at 400,6 from 610 nm to 5OO nm at 800, and from 540nm to 5OO nm at 5007 were reported. In spite of
the significance ofthis phenomenon, theoretical studies ofthis phenomenon have been
The physical basis of the emission wavelength shift with the viewing angle was addressed only for silver/poly(p-
phenylene vinylene) (PPV)/silver microcavities using a simple Becker et investigated the position of the
resonance wavelength for different silver mirror thickness. They concluded that angular dependence would be minimized
using thicker metal films. Tessler et have used a simple equation
227z7flLeffncos(9) , (1)
where m is the mode number, n is the material inside the cavity, 8 is internal angle, and Leff is the effective cavity length
which includes any additional length introduced by the mirrors. Based on the equation above, they conclude that in order to
decrease wavelength shift as cos(G) decreases, Leff and/or n should increase. This simplified analysis, however, does not
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provide any detailed insight into the wavelength dependence on the viewing angle, nor takes into account the wavelength
and angle dependence of the phase shift upon reflection from the mirrors.
In this work, we provide detailed analysis of the emission wavelength dependence on the viewing angle in Alq3 based
MOLEDs. We derived a model for the resonant wavelength shift and used an iterative procedure to calculate this shift
which fully takes into account the dispersion in the organic layers, wavelength dependence of the index of refraction in the
metal mirrors, and the wavelength and angle dependence ofthe phase shift upon reflection from the metal mirrors. We have
chosen MOLEDs with both metal mirrors since metal mirrors allow higher brightness enhancement.12 Different metals were
considered for top or bottom mirrors based on their work function (high work function metals for the bottom mirror/anode,
low work function metals for the top mirror/cathode). The paper is organized as follows. In the following section, the model
is described. In section 3, obtained results are presented and discussed. Finally, conclusions are drawn.
2. DESCRIPTION OF THE MODEL
The resonant modes of a microcavity have to satisfy the condition that the phase change during one round trip is a
multiple of 2rr. In other words, for normal incidence, the following equation is valid:
:4,(2)0top(°'2)0bot(°)) 2m,r , (1)
where 2 is the emission wavelength, coOP(O,2), coi,O(O,2) are the angle and wavelength dependent phase change upon
reflection from top and bottom mirrors, respectively, m is an integer which defines the mode number, and the summation in
is performed over all the layers inside the cavity with thicknesses d, and refractive indices n1(2). For oblique incidence, the
resonant wavelengths are solutions of the following equation:
4rd.n.(2 + A,%)cos8.: ' ' 2 + A2 (9 ,2+ A2) — bot(8bot '2 + A,) = 2mir , (2)
where °top °bot are incidence angles at top and bottom mirrors, respectively, while 0, is the angle of propagation within i-th
organic layer. From Eqs.(1) and (2), the following expression for the wavelength shift AX can be obtained:
A2 ={4ik(2 +A)cos -n(2)]— +AbQ)} , (3)
where
LW = 2mr+ço,(,2 +1U)+Obot(Obot,)2) , (4)
=co0 (0top + AA) —co0(0, 2) , (5)
bot bot (9bot ' + LU) _bot (0, 2) . (6)
Since Eq.(3) contains several terms which are wavelength dependent, iterative procedure was used to calculate the
wavelength shift A?. The starting point was the wavelength shift calculated for the case of no dispersion, and the procedure
was terminated when the change in A? in two consecutive iterations was smaller than 0.1 nm. As can be observed from Eq.
(3), the wavelength shift with viewing angle is inversely proportional to the mode number m. However, no significant
improvement can be obtained by increasing m, since this also requires larger thickness of the organic layers d,, and AX is
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directly proportional to the thickness values of organic layers. Therefore, the cavity order has no significant influence on the
emission wavelength shift (typically less than 1 nm difference for neighboring modes (m1,2; m=2,3 etc.). However,
maximum achievable extraction efficiency imax 15 inversely proportional to the mode number m. Therefore, low order
(m1 ,2) cavities are preferred for attaining high extraction efficiency. In order to achieve maximum efficiency, emitting
layer should be located at the maximum field in the cavity. For m1, field maximum is at the mirrors, and placing the
emission layer close to organic/metal interface could cause significant exciton quenching. Therefore, in our calculations we
will consider cavities with m=2.
The microcavity structure considered here is glass substrate/bottom mirror/HTL/ETL/top mirror, where HTL
denotes hole transport layer and ETL denotes electron transport layer. Alq3 was considered for ETL, while for HTL N,N'-
disphenyl-N,N'-bis(3-methylphenyl)-l,l'-disphenyl-4,4'-diamine (TPD) or copper phthalocyanine (CuPc) were considered.
The phase shift upon reflection from the metal mirror was obtained by calculating the reflectance at metal/organic interface.
The phase shift upon reflection is fully determined with the complex index of refraction Nm(2)=flm(2)km(2), refractive
index of organic material n,(2) (hole transport layer for the bottom mirror, Alq3 for the top mirror) , the angle in the metal
9m and the angle within organic layer 6. In case of the bottom mirror, the glass substrate needs to be considered as well.
The angles in the equations describing the resonant wavelength shift are related to the viewing angle outside cavity 8 via
Snell' 5 law Nm sin 8m "i sin 9 =sin9 . The wavelength dependence of the index of refraction for the metals was modeled
using oscillator model, with model parameters given in Ref.'3 The refractive index of Alq3 and TPD was modeled using
Cauchy equation n(2)=A+B/22+C/,%4, where the coefficients A, B, and C were determined by fitting the data in Ref.14 CuPc
has low absorption in the spectral region 450-550 nm.15 However, the experimental data for CuPc in that spectral range15
cannot be well described with Cauchy equation, so that a polynomial fit was used. Metals with work function higher than
4.5 eV have been considered for bottom mirror since bottom mirror also serves as anode and should provide efficient hole
injection. Therefore, Al, Ag, Cr, arid Ti (4.28 eV, 4.26 eV, 4.5 eV, and 4.3 eV, respectively16 ) were assigned for top
mirror, while Au, Pt, Ni, and Cu (5.1 eV, 5.65 eV, 5.15 eV, and 4.65 eV, respectively16 ) were used for bottom mirror.
Due to superior optical quality of silver thin films and lowest absorption in the visible region of all metals considered, we
have also considered MOLEDs with both silver mirrors.
For the bottom mirror, phase change upon reflection was determined by applying matrix formalism with incoherent
substrate correction to calculate reflectance from the thin metal film on a glass substrate. The refractive index of glass was
described with Cauchy equation. The light was incident from HTL. The thickness of the semitransparent bottom metal
mirror was determined from the condition for the reflectivity of the mirror to achieve optimal extraction of light from a
microcavity
R1 = min(R1t Rpc,lt,R055) (9)
where
R1t=l_-!- , (10)
where m is the mode number, and n is the refractive index of the material inside the cavity, R1b055 is determined by the losses
in the cavity (for large losses, approximately equal to the reflectivity of the top mirror R2), and
=1—2mS , (11)
where S is the relative spectral width S =Ak/k0 obtained by dividing FWHM of the emission spectra of the material with the
central frequency. Due to broad emission inherent to majority of the organic materials, the reflectance of the bottom mirror
is limited by RISPCLt. Spectral width for the Alq3 emission is S 0.16, 50 that for m=1 the reflectance of the bottom mirror
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should be R1O.68, and for m=2, it should be R1O.36. Based on this value, we have determined the required thickness for
the bottom mirror.
3. RESULTS AND DISCUSSION
Figure 1 shows the phase change as a function of viewing angle for the top and bottom mirror. Due to the
difference in phase change dependence for the s and p polarizations, the resonant wavelength shift will be different. The
calculated resonant wavelength shifts for the different cavity lengths and hence different resonant wavelengths for 9Ø0 are
shown in Fig. 2. It can be observed that the resonant wavelength shift becomes smaller for shorter wavelengths. The shift
for X=480 nm is about twice smaller than the shift for X=600 nm. This is a consequence of higher dispersion in the organic
layers and therefore lower value of the term (,1 (2+ A2) cos 9, — n, (2)) resulting in smaller resonant wavelength shift.
Therefore, in designing MOLEDs operating wavelength on the short wavelength side of the emission peak of the light
emitting material should be chosen. This will ensure that the resonant wavelength shift would be as low as possible for a
given device structure.
2.61
I
Fig. 1 a) The phase change upon reflection from the top mirror. Light is incident from A1q3. b) The phase change
for Ag-air interface is also shown. b) The phase change upon reflection from the bottom mirror. The light is incident from TPD.
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Fig. 3 The resonant wavelength shift for different thickness ofAlq3 layer.
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Fig. 4 The resonant wavelength shift for different choice of the top and bottom mirrors.
Since Alq3 and TPD have similar value of the refractive index at 7.=520 nm but TPD is more dispersive, we
investigated the influence ofthe A1q3 thickness on the resonant wavelength shift. Obtained results are shown in Fig. 3 . Itcan
be observed that the resonant wavelength shift is smaller for thinner Alq3 layers. Therefore, we adopted A1q3 thickness of 20
nm for other calculations. We also investigated influence of the choice of the metal mirrors. The resonant wavelength shift
was calculated for different high work function metal (bottom) and low work function metal (top) mirror combinations (Ag-
—— 100 nm, p
200 nm, S
o 200nmp
•
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Ag, Ag-Au, Ag-Ni, Ag-Pt, Ag-Cu; Al-Ag, Al-Au, Al-Ni, Al-Pt, Al-Cu, Ti-Ag, Ti-Au, Ti-Ni, Ti-Pt, Ti-Cu, Cr-Ag, Cr-Au,
Cr-Ni, Cr-Pt, and Cr-Cu). Selected results (two of the best and two of the worst results) are shown in Fig. 4. It can be
observed that the changes for s polarization are small, while mirror choice has more effect on the resonant wavelength shift
for the p polarization. However, the degree of the improvement which can be achieved via choosing the mirrors which yield
the lowest resonant wavelength shift is very limited. The major part ofthe resonant wavelength shift is due to the change of
the optical path inside the cavity with the change of the viewing angle. To minimize this change, more dispersive materials
are needed.
Majority of organic materials have low dispersion and low refractive index in the spectral region below the first
absorption band. In order to explore the possibility of reduction of the resonant wavelength shift with the viewing angle, we
have performed calculations for a hypothetical composite material. Composite organic/inorganic materials are promising for
the improvement of electrical and optical properties of organic materials, while the advantages of easy and inexpensive
manufacture are retained. It has been demonstrated that high refractive index and increased dispersion can be achieved in
hybrid polymer-inorganic films.'8 Synthesis of small nanoparticles of variety of materials,19'2° including GaP nanoparticles
with 9 nm average size,21 has been reported. Therefore, preparation of composite polymer/inorganic semiconductor films is
feasible and it may be useful option to explore in order to achieve greater variation in refractive index parameters of layers
in organic devices. We have chosen to simulate a composite consisting of GaP nanoparticles in bisphenyl-A polycarbonate
(PC). GaP has been chosen as a semiconductor with high refractive index and suitable bandgap value (transparent in green
spectral region). The refractive index of PC22 and GaP23 were taken from the literature, and the dielectric function (e) and
hence the index ofrefraction ofthe composite film was calculated using effective medium approximation:24
C -(E) 6b)a fa (lfa)0 , (13)
6a +2(e) 6b +2(e)
where Ca and b are the dielectric function values oftwo components,f, is the volume fraction ofthe component a.
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Fig. 5 Thedispersion in different hole transport layers. Wavelength dependence ofthe refractive index ofAlq3 is also shown. b)
The resonant wavelength shift for different hole transport layers.
The refractive index dependence on the wavelength for different materials and the resonant wavelength shift for
MOLEDs with different hole transport layers is shown in Fig. 5. It can be observed that the resonant wavelength shift is
smaller for CuPc compared to TPD. More significant reduction in the resonant wavelength shift could be achieved with
composite organic/inorganic materials. However, optimization of the choice of materials and the mirrors is not sufficient to
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eliminate this phenomenon. Therefore, more narrow organic emitters should be considered for MOLED applications. If the
emission spectrum is narrow, viewing angle will be smaller, but significant colour change with the viewing angle increase
will be avoided. Also, narrow emission spectrum of the emitting material would place less stringent limit on the reflectance
of the bottom mirror to achieve brightness enhancement. Another option worth considering is the use of Bragg mirrors with
phase shift adjusted to compensate for the change of the optical path in the organic material.
4. CONCLUSION
In conclusion, we have developed a model for the emission wavelength dependence on the viewing angle in
organic microcavity light emitting diodes with metal mirrors. We have found that the main contribution to the wavelength
shift originates in the change ofthe optical path inside the organic materials. Therefore, the wavelength shift can be reduced
by using more dispersive materials. The resonant wavelength shift for the p polarization is more sensitive to the mirror
choice, and Ag-Au and Ag-Ag configurations represent the most suitable choices. Even with the optimal choice of mirrors
and the materials within the cavity, it is not possible to eliminate this effect in MOLEDs with two metal mirrors. Different
Bragg mirror designs should be investigated for possible reduction of the resonant wavelength shift in MOLEDs. Also, use
of emitting material with more narrow emission spectrum is advisable.
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